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Abstract: Volcanism is the most widespread expression of cyclic processes of formation and/or
destruction that shape the Earth’s surface. Calderas are morphological depressions resulting from
the collapse of a magma chamber following large eruptions and are commonly found in subduction-
related tectono-magmatic regimes, such as arc and back-arc settings. Some of the most impressive
examples of seafloor hydrothermal venting occur within submarine calderas. Here, we show the
results of magnetic investigations at two hydrothermally active submarine calderas, i.e., Palinuro
Seamount in the Southern Tyrrhenian Sea, Italy, and Brothers volcano of the Kermadec arc, New
Zealand. These volcanoes occur in different geodynamic settings but show similarities in the
development of their hydrothermal systems, both of which are hosted within calderas. We present
a new integrated model based on morphological, geological and magnetic data for the Palinuro
caldera, and we compare this with the well-established model of Brothers caldera, highlighting
the differences and common features in the geophysical expressions of both hydrothermal systems.
For consistency with the results at Brothers volcano, we build a model of demagnetised areas
associated with hydrothermal alteration derived from 3D inversion of magnetic data. Both these
models for Brothers and Palinuro show that hydrothermal up-flow zones are strongly controlled by
caldera structures which provide large-scale permeability pathways, favouring circulation of the
hydrothermal fluids at depth.

Keywords: magnetic anomalies; submarine volcanism; caldera structures; hydrothermal fields;
massive sulphide deposits; inverse algorithm

1. Introduction

Seafloor hydrothermal vents are arguably the most intriguing and fascinating geologi-
cal features investigated by scientists studying the deep oceans over the last four decades,
beginning with the pioneering discovery of submarine hot springs along the Galapagos Rift
in the late 1970s, followed soon after by the first encounter of black smoker vents on the East
Pacific Rise [1–3]. Since then, many hydrothermal vent fields with discharge temperatures
exceeding 300◦ have been found in various tectono-magmatic regimes. Understanding
these systems has important implications from a biological, geological and volcanological
perspective, and may provide important insights into metallogenic processes [4–7].

Hydrothermal vents are commonly characterised by enrichment of dissolved metals
(typically Cu, Zn and Pb, but also Au and Ag), and the development of spectacular forma-
tions of chimneys which can reach heights of up to 45 m (i.e., “Godzilla” vent, a tall chimney
discovered on at the Endeavour vent field, Juan de Fuca ridge [8]). The rapid mixing at, or
just below, the seafloor between hydrothermal fluids and seawater induces rapid precipita-
tion of metal-enriched mineral accumulations known as volcanogenic massive sulphide, or
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VMS deposits [9–11]. The source of the metals in VMS deposits and their formation is in
part related to the underlying magma [7,12], which acts as a heat and geochemical source to
the hydrothermal system. Although hydrothermal systems are common along mid-ocean
ridges (i.e., MAR [13,14]), back-arc basins and submarine arc volcanoes represent specific
environments, where the formation of Cu-Au-rich VMS mineralisation in particular occur
frequently [5,15–21]. Major hydrothermal systems associated with back-arc structures are
found along the Kermadec volcanic arc [6,22–24], the Lau basin [25,26], the North Fiji
basin [27], the Mariana basin [19,28,29] and the Tyrrhenian Sea [30,31].

Caldera volcanoes represent important environments for the formation of many hy-
drothermal ore deposits, such as porphyry copper, epithermal, polymetallic vein and
massive sulphides [7,32]. Indeed, in the last ~30 years, submarine caldera-hosted hy-
drothermal sites have become exploration targets for mining companies [33]. With the
exception of ultramafic-hosted systems [34], seafloor hydrothermal sites are commonly
associated with a reduction of crustal magnetisation, which in turn induces low magnetic
anomalies for two different reasons: (1) high temperature, which can locally exceed the
Curie isotherm [35], e.g., the temperature above which ferrimagnetic minerals (i.e., Fe-Ti
oxides) lose their permanent magnetisation, and (2) alteration caused by the corrosive
action of hydrothermal fluids on the host volcanic rocks, where primary ferrimagnetic
minerals (e.g., magnetite s.s., titanomagnetite and titanohematite) are transformed into
weakly paramagnetic minerals (e.g., pyrite [36]), producing a drastic reduction of the bulk
magnetisation [37–40]. Thus, magnetic surveys represent a crucial geophysical tool in the
modelling of submarine hydrothermal systems.

In this study, we compare the magnetic models of two hydrothermal systems asso-
ciated with submarine calderas from different geologic settings. These two case studies
are: (1) the Palinuro Volcanic System, located in the Southern Tyrrhenian Sea, SW of Italy,
where we have developed a new magnetic model, and (2) the well-constrained example of
Brothers volcano, located along the Kermadec arc, NE of New Zealand. Palinuro seamount,
with a maximum strike of 70 km, represents one of largest yet enigmatic submarine volca-
noes of the Southern Tyrrhenian Sea, where a complex interplay of magmatic, tectonic and
hydrothermal processes occurs.

Brothers volcano is the most hydrothermally active volcano known along the Ker-
madec arc, exhibiting a wide range of magmatic and water/rock interaction processes. It
arguably hosts the most constrained subduction-related seafloor hydrothermal system in
the world, where recent drilling during IODP (International Oceanic Drilling Program)
Expedition 376 enabled insights into the evolution of the hydrothermal system, in particular
sub-seafloor processes related to mineralisation [7].

2. Geological Setting
2.1. Palinuro Volcanic Complex

Palinuro seamount is a submarine volcanic complex located ~185 km offshore of
Calabria, north of the Aeolian arc, in the Southern Tyrrhenian Sea (Figure 1, [41]). This is the
youngest back-arc basin of the western Mediterranean region. The geodynamic evolution
of the Tyrrhenian Sea is mostly related to the eastward migration of the Appennine-
Maghrebides subduction system, a consequence of roll-back dynamics [42–44]. The oceanic-
like Ionian plate, which deepens westward beneath the continental European plate, started
its eastward retreat during the Oligocene time, causing stretching of the upper crust with
asynchronous basin formation occurring first in the Valencia area and the Provencal basin,
then later in the Tyrrhenian region [45–50].
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Figure 1. Shaded relief bathymetry map of Tyrrhenian Sea (data from GEBCO—15 arc second of
resolution [41]) showing major features discussed in the text. MB, Marsili Basin and drilling of
the seafloor during leg 107 of International Oceanic Drilling Program (geographical position of site
650 from [51]); MS, Marsili Seamount; AA, Aeolian Arc; PVC, Palinuro Volcanic Complex (limited
by dashed red box); PS, Palinuro Seamount; O, Ovidio seamount; E, Enarete seamount; G, Glabro
seamount. The inset provides a schematic overview of the tectonic setting of the southern Tyrrhenian
Sea: PSF, Palinuro Step fault; TL, Tindari Letojanni Tear fault. Black sawteeth indicate thrust hanging
wall [42]. The red box bounds the area of Palinuro Seamount (Figure 2).

In the southern Tyrrhenian Sea, the eastward migration of the subduction trench
occurred during the Pliocene, with a main NW-SE direction and a high retreating rate
that favoured the formation of a well-developed back-arc basin, with mantle exhumation
and injection of oceanic crust firstly in the Vavilov basin at 5.5 Ma [51–53], followed by
the Marsili basin at 2.0 Ma [54–56]. Along the Calabrian margin, the Ionian subducting
slab is delimited by two main tear faults [57–59]: the NNW-SSE dextral strike slip fault
known as Tindari–Letojanni (TL), and the E-W Palinuro STEP (Subduction-Transform-Edge-
Propagator) Fault (PSF) [60,61], along which the Palinuro seamount developed between
0.8 and 0.35 Ma [62]. Between these two boundaries, weak seismicity is observed up to a
500 km depth [61,63].

Recently, Cocchi et al. [61] highlighted the discovery of volcanic edifices located east
of the main Palinuro seamount (i.e., Glabro, Enarete, Ovidio, Figure 1), forming an E-W
striking crustal segment 90 km long and 30 km wide, delineated by 15 major cones (PVC
in Figure 1). These structures show very different morphological features, ranging from
classic island arc-type stratovolcanoes to volcanoes associated with spreading, more typical
of a back-arc environment (sea eastern sector in Figure 2). Geophysical and morphological
data suggest that the Palinuro volcano and the other lesser cones are related to major
lithospheric STEP volcanism, which affected the northern boundary of the Ionian slab
during the Pleistocene. Basalt to basaltic-andesite rocks were sampled at the top of the
seamount [62], consistent with an island arc basalt geochemical affinity [64], but with an
isotopic composition similar to the Ocean Island Basalt-like rocks of Stromboli [65].
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Palinuro seamount is structurally composed of 8 major volcanic edifices that all
coalesce at their base, forming a 70 km long by 30 km wide, E-W elongated volcanic
complex (Figure 2). The seamount shows a general morphological asymmetry between
the southern and northern flanks. South of the edifice, the bathymetry is characterised
by average slopes of 20–30◦ down to depths of 2700–3000 m north of Marsili Basin. In
contrast, the northern flanks of Palinuro have slopes of <20◦ which terminate on a nearly
flat surface (<3◦) at a depth of about 1600 m. The eastern portion of the seamount shows
low gradient morphology featured by the presence of a faulted-dissected volcanic edifice
as related to the spreading process [61]. The central segment of the Palinuro seamount is
characterised by two large cones having a maximum elevation of 3000 m above the seafloor
depth, immediately south of the volcano, both of which have flat-topped summits at a
depth of 84 and 130 m below sea level (b.s.l), respectively [61,66,67].

Figure 2. Shaded relief bathymetry map of Palinuro seamount (illumination from N60◦, grid cell
size 50 m, 100 m contour; data from [68]). Three main morphological domains have been outlined:
western sector dominated by low gradient morphology and the caldera structure, central region
formed by high stratovolcanes with flat top surfaces and eastern margin featured by a faulted volcanic
edifice. Blue dashed box indicates the area of Figure 3.

The western side of Palinuro seamount typically shows a gentler slope, where a flat,
semi-elliptical, 4 km-wide sub-circular depression dominates the westernmost area, with
a set of small volcanic cones surrounding the depression, which has been interpreted as
a caldera [66]. This structure covers an area of 8 km2 roughly oriented along a WNW-
ESE direction (Figure 3). A prominent arcuate wall with a maximum elevation of 150 m
boarders its north-westernmost sector, while the north-easternmost sector is bounded by
a E-W-trending volcanic belt at 550 m b.s.l [66]. The southern side of the inferred caldera
is located at a depth of 750 m but has no trace of a circular rim. Hydrothermal activity at
Palinuro seamount is concentrated within this depression area, as observed during the
pioneering investigations of Minniti and Bonavia [32]. Past investigations using ROVs
(Remotely Operated Vehicles) (oceanic cruises on board R/V Sonne, 1986; R/V Urania,
1986; R/V Poseidon, 2006) discovered live tube worm colonies (Vestiminfera) [69,70] and
diffuse, low-temperature venting, confirming the presence of hydrothermal activity in the
area. Recent drilling (R/V Meteor, 2007) in the western sector of caldera using a lander-
type drilling device (BGS Rockdrill-1) recovered 12.0 m of semi-massive to massive barite
and sulphide mineralisation (vaggy barite and massive pyrite) with high As, Hg and Sb
contents, topped by 1.5 m of epiclastic and volcaniclastic rocks [71]. Previous geophysical
studies of the Palinuro hydrothermal site were conducted by Caratori Tontini et al. [72]
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and Szitkar et al. [73], where they show 3D models of the sub-seafloor distribution of
hydrothermal up-flow zones.

Figure 3. High-resolution (grid cell size 5 m) shaded relief bathymetry map of the Palinuro caldera
structure (contours every 100 m). Data from [66]. A-A′, B-B′ and C-C′ lines identify the track of
magnetic profile and 2.5D cross-sections displayed and discussed further. Location of this map is
shown in Figure 2.

2.2. Brothers Volcano and Kermadec Arc Region

The 2700 km long Tonga-Kermadec arc-trench system was generated by the subduction
of the Pacific Plate beneath the Indo-Australian Plate beginning in the Mid-Eocene [74,75].
Ongoing subduction has favoured the formation of one of the most spectacular intra-
oceanic convergent systems on Earth, highlighted by a fast convergence rate of 24 cm/year
in the north, but down to 6 cm/year in the south [76], and the lack of a real accretionary
prism [77–79]. The Kermadec arc-trench represents the central part of this lengthy subduc-
tion system, distinguished from the Tongan section located to the north by the subducting
Louisville chain, and the Hikurangi section south of 34◦ S. The western boundary of the
Kermadec active arc front is the Havre Trough back-arc basin (Figure 4). Recently, Caratori
Tontini et al. [80] have shown how the Havre Trough back-arc basin opened by breaking
a very narrow crustal area of the original proto-Colville–Kermadec arc in response to
roll-back of the subducting Pacific Plate.

The active arc front of the Kermadec subduction system is characterised by a dense
distribution of submarine volcanoes preferentially aligned along the main NW-SE direction
of the arc, with some showing evidence of very recent volcanic activity (i.e., [81]). In
addition to the active volcanism, the Kermadec arc is arguably the most hydrothermally
active arc in the world [17], characterised by the presence of high-temperature vents and
massive sulphide deposits.

Brothers volcano rises from a depth of ~2200 m b.s.l to the top of the caldera rim at a
depth of 1300 m b.s.l. The volcano has an elliptical shape with its long axis oriented to the
NW-SE and covers an area of 7 × 11 km at its base [82] (Figure 5). The orientations of re-
gional faults and basement structures are consistent with rifting of the Havre Trough [80,83],
indicating a strong tectonic influence on the volcano. Brothers is considered to have formed
by volcanic activity within a graben structure delimited by regional faults [82]. The caldera
at Brothers mirrors the elliptical shape of the volcano and measures ~3 × 3.5 km, with
~300–500 m high walls. Two post-caldera collapse cones are located in the SW corner of
the caldera floor: the larger Upper Cone has its summit at ~1200 m b.s.l, while the smaller
Lower Cone, situated immediately NE of the Upper Cone, shoals to ~1300 m b.s.l [7,23,82].
The caldera at Brothers appears to be correlated with a discontinuous arcuated vertical
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normal fault system related to piston-type collapse rather than a classic continuous ring
fault system. The dominant lithologies at Brothers are volcaniclastic sequences (including
breccia units) interlayered with lesser lavas that form the caldera walls and cones, and
hummocky terrain covers the caldera floor [7,83].

Figure 4. Bathymetric map of the Tonga-Kermadec subduction system (data from GEBCO—15 arc
seconds of resolution [41]). Red-filled diamond identifies the geographical position of Brothers
volcano (S34◦52.5′—179◦04 E).

Brothers volcano represents one of the most unique examples of vigorous hydrother-
mal activity known to occupy a submarine caldera. It is considered the most active
hydrothermal site anywhere along the Tonga-Kermadec arc [17,82]. Two main types of
hydrothermal manifestation are known: (1) the Upper Caldera and NW-Caldera hydrother-
mal sites are characterised by high-temperature vents with medium gas enrichment and
the formation of Cu-Zn-Au-rich chimneys, and (2) the Upper and Lower Cones sites, which
are associated with lower temperature (<120 ◦C) diffuse venting, with the discharge of low
pH, acid-sulphate-type fluids containing a high abundance of gas. Conductive heat-flow
measurements at Brothers volcano provide a model of hydrothermal circulation consist-
ing of a structurally controlled, large-scale cell, with recharge through the caldera floor.
Shallow, vertical, circulation cells with diameters of ~100–200 m are also modelled for the
vent fields of the NW Caldera and Upper Caldera vent fields and at the summits of the
post-collapse cones [84].
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Figure 5. High-resolution shaded relief bathymetric map of Brothers volcano obtained by combining
2 m resolution AUV-derived data with 25 m resolution shipborne-derived bathymetry (contour
every 100), modified after [7]. Morphologic distribution of caldera rim and ridge lines from [82].

Brothers was recently drilled during IODP Expedition 376 (D/V JOIDES Resolution,
May–July 2018), recovering more than 220 m of core mostly composed of hydrothermally
altered volcanoclastics products and lava flows of dacitic composition [6]. Results from
the IODP drilling [7,85] have helped to define a possible evolution for the hydrothermal
system at Brothers characterised by two main steps: (1) first is a pre-caldera-collapse stage
characterised by magmatic activity, including a dominant magmatic-hydrothermal system
associated with acid-sulphate fluids, magmatic volatiles and metal-rich brines, followed
by (2) a post-caldera-collapse stage, which is characterised by the growth of the resurgent
Upper Cone and Lower Cone, and the establishment of new magmatic-hydrothermal
activity [7].

3. Materials and Methods
3.1. Palinuro Caldera

The Palinuro volcano complex has been investigated during several oceanographic
and geophysical cruises since the early 1970s [86]. A first-order qualitative description
of the magnetic anomalies of Palinuro was produced by integrating regional and local
shipborne data [87,88]. In 2008, a high-resolution shipborne magnetic investigation of the
seamount (PALI2008, R/V Aretusa) provided complete coverage of the volcanic structure
with a high density of survey lines [68]. Reduced to the pole (RTP) transformation of the
magnetic dataset was performed using present-day inclination and declination values
derived from the International Geomagnetic Reference Model (IGRF) [89] calculated at
the time of the magnetic survey (May 2008). The RTP magnetic field (Figure 6) ranges
from −400 to a maximum value >1800 nT, recorded at the eastern side of the edifice where
the very shallow, flat-topped cones are situated. At the north-eastern side, the magnetic
pattern shows very high-amplitude anomalies (800 to 1000 nT), displaying a main NE-SW
orientation similar to the general strike of regional faults and dikes in the area [61,67]. The
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central part of the edifice is dominated by the presence of the aforementioned circular
shaped caldera structure characterised by low-intensity anomalies (−50 to 150 nT). Some
intervening high magnetic peaks of 350 to 400 nT are localised over the arcuate volcanic
structure formed by the small circular cones that mostly crop out along the western and
north-eastern side of the caldera structure [66] (Figure 6).

Figure 6. Reduced to the pole magnetic anomaly field (grid cell size 400 m) overlaid on the shaded
relief bathymetry of Palinuro Seamount. Magnetic survey acquired while on-board the R/V Aretusa
during the PALI2008 cruise [68]. Blue dashed box indicates the area of near-seafloor magnetic
investigation.

In 2011, the Palinuro caldera structure was further investigated in more detail with
the collection of new high-resolution (5 m) swath bathymetry and near-bottom magnetic
data (Mava 11 cruise, Nave Magnaghi and R/V Urania). The new magnetic survey was
performed by coupling a SeaSpy (Marine Magnetics inc., Canada) magnetometer with an
Edgetech (USA) 4200 FS side scan sonar system, which allowed data to be collected close
to the seafloor. The near-bottom magnetic survey was focused on the north-eastern sector
of caldera where evidence of hydrothermal venting exists [30,71,72]. The near-bottom
magnetic survey was conducted using a set of seven NE-SW track lines spaced 100 m apart
while crossing the arcuate outer caldera wall and part of the flat caldera floor. The altitude
of the combined sonar-magnetometer system varied between 775 and 1050 m b.s.l along
the different lines depending on the seafloor bathymetry, equating to an average altitude
of ~110 m (±48 m) above the seafloor.

The total intensity magnetic anomaly field (Figure 7) was computed by removing the
IGRF model contribution. The near-seafloor survey provides higher resolution data if com-
pared with the previous shipborne investigation (see profiles in Figure 8), in particular for
high-frequency/high-intensity anomalies related to shallow structures within the caldera.
However, magnetic features related to the caldera are not all perfectly correlated to the
main morphological/volcanic structures. For example, the circular caldera rim represent-
ing the remaining parts of the pre-collapse volcanic edifice does not show large magnetic
anomalies as we might expect. We observe local positive peaks of 800 to 900 nT covering
just a small portion of the caldera wall. Intervening, mid–high-amplitude magnetic peaks
of 400 to 500 nT are also localised in the inner portion of caldera, possibly corresponding
with buried, post-collapse volcanic features.
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Figure 7. 3D representation (inclination 36◦, Azimuth 16.8◦) of near-seafloor magnetic anomalies
overlain on the high-resolution bathymetry of Palinuro caldera. The black lines B-B′ and C-C′

represent the track lines of the 2.5D forward models discussed in the main text. Location of the map
is shown by the blue dashed box in Figure 6.

Figure 8. Comparison of near-seafloor magnetic anomaly data (black line) and shipborne data
(dashed black line) along profile A-A′ crossing the Palinuro caldera in a SW-NE direction (see location
in Figure 3).

The central portion of caldera shows a general, very low magnetic anomaly ranging
from −250 to 50 nT (see profile in Figure 8). Very small magnetic anomalies appear to
extend over the northeast and western parts of the caldera rim. Considering that only
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a thin sediment veneer covers the bottom of the caldera floor at this locality [71], this
low magnetic signature could be caused by hydrothermal alteration, inducing a drastic
decrease in magnetisation. Quantitative interpretation of the magnetic anomaly data will
thus provide information about the distribution and 3D geometry of the hydrothermally
altered region and its relationship with main structures of the caldera.

3.2. Brothers Volcano

Near-bottom, high-resolution magnetic surveys at Brothers volcano were collected
between 2007 and 2018 using different deep submersible/autonomous vehicles. The
first magnetic survey was conducted from the R/V Sonne in 2007 during the ROVARK
cruise [90] using the AUV (Autonomous Underwater Vehicle) ABE (Woods Hole Oceano-
graphic Institution, or WHOI). This was followed in 2011 during the NZASMS11 cruise
using the R/V Tangaroa using the AUV Sentry (WHOI). The magnetic data from both ABE
and Sentry were collected using an average line spacing of 50 m at an altitude of ~50 m
above the seafloor [91,92].

AUV-based surveys were conducted applying a “drape mode” flight path for the
vehicle, meaning an average altitude of about 50 m (±20 m) above the seafloor. Data
obtained from the different dives were integrated into a unique database totalling 220 line-
km of survey. These data were first corrected for the magnetic signature generated by the
underwater vehicle [92]. The magnetic anomaly field was obtained by subtracting the
IGRF [89] regional field from the total magnetic field (Figure 9).

Figure 9. Near-seafloor total intensity anomaly map derived from integrating the 2007 (ABE) and 2011
(Sentry) AUV surveys. Translucent masks identify the areas affected by hydrothermal venting [91].
(a,d) are focused hydrothermal sites, corresponding to NW caldera and W Caldera regions, respec-
tively, while (b,c) correspond to Upper Cone and SE Caldera areas affected by diffuse hydrothermal
venting.

Brothers caldera shows a very interesting magnetic pattern, ranging from −2000 to
+2000 nT. These very intense (both positive and negative values) anomalies are due to the
AUV being able to collect data very close to the seafloor, with a concomitant increase in the
amplitude of the recorded magnetic field.
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Moving from north to south in the caldera, there is an overall increase in the magnetic
anomaly field. The north-eastern, eastern and southern (and to a lesser degree north-
western) sectors of the caldera show a distribution of positive and/or high-intensity local
magnetic peaks that delineate the arcuate caldera rim. Other high-intensity magnetic
anomalies of 1200 to 1600 nT are localised within the caldera that correspond to a SW-NE-
trending ridge that forms the Upper Cone [82].

The western and north-western sectors of the caldera are characterised by high in-
tensity, but mostly negative magnetic anomalies ranging from −2000 to 200 nT (areas a
and d of Figure 9). Although most of the local negative peaks are correlated to active
vents, hydrothermal activity of the Upper (zone b, Figure 9) and Lower Cones are not
properly associated to negative magnetic anomaly as expected. This could be related to an
uncompleted alteration of host rock due to the relatively young age of the hydrothermal
system in this area [92].

4. Results

Mineral alteration related to circulation of hydrothermal fluids within the host rocks
represents a permanent effect, and it can be considered a primary cause of decreasing mag-
netic properties of hydrothermal vents’ sites, as already observed at the TAG Hydrothermal
field [93], Juan de Fuca Ridge [94,95] and at different back-arc basins [96].

Magnetic surveys at Palinuro Seamount and Brothers volcanoes are consistent with
this conceptual model, where local magnetic highs correlate with the morphology of the
caldera, whereas magnetic lows correlate with zones of hydrothermal activity and/or
alteration [92].

At Palinuro Seamount, the eastern sector of the caldera has a mostly low magnetic
signature that affects its inner part, also extending over part of the circular, outer caldera
walls. Intervening local positive anomalies correlate with small volcanic cones related to
resurgent constructional volcanism. In order to provide a qualitative geological interpre-
tation of this area, we performed 2.5D magnetic forward modelling along two profiles
that cross the caldera along SSW-NNE- and NNW-SSE-oriented sections, respectively (cf.
lines B-B′ and C-C′ in Figures 3 and 7). The forward model technique accounts for the best
fitting between observed and computed magnetic anomaly profiles varying magnetisation
value and geometry of the causative bodies along and across the track profile. The two
magnetic forward models are both limited to 2.7 km below sea level as this is the deepest
depth that can be modelled given the geographical extension and resolution of the mag-
netic survey. The SSW-NNE (profile B-B′; Figure 10) section intercepts the eastern and
northern portions of the arcuate rim, then passes through the caldera floor. Here, we note
the presence of a very low magnetised (0.01–0.5 A/m) body with a maximum thickness
of 0.8 km that is elongated for 1.2 km in a N-S direction. This relatively low magnetic
layer is interlayered with a more highly magnetised lithology (2–3 A/m) that we correlate
with volcanoclastic units and more consolidated rock types (i.e., lava flows) that together
form the inner part of the caldera. Highly magnetised bodies (i.e., 3.5–5 A/m) crop out in
the southern and northern parts of the caldera wall that represent the pre-collapse, more
consolidated regions of the seamount (Figure 3). The low magnetised layer is bounded
to the north by a highly magnetised body (located at 2.0 km of the profile of Figure 8),
which crops out from the flat seafloor (Figure 3), and which is interpreted as a post-collapse
volcanic feature. The hydrothermal alteration responsible for the relatively low magnetised
crustal layer may be associated with the circulation of hydrothermal fluid to 1.5 km below
the seafloor, consistent with the presence of caldera ring faults and the concomitant flow
of hydrothermal fluids during the post-caldera-collapse stage, as modelled at Brothers
volcano [7].
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Figure 10. 2.5D forward magnetic model of the Palinuro caldera structure along a line oriented to
the SSW-NNE (i.e., profile B-B′ in Figures 3 and 7). The magnetic anomaly data were sampled along
the profile at a spacing of ~17 m. (a) Best fit between observed and computed magnetic anomaly
profiles, and (b) distribution of magnetised causative bodies derived from (a). Forward modelling
was constrained by the flight altitude of the magnetic sensor (labelled in panel (b)).

The NNW-SSE section (profile C-C′; Figure 11) shows a similar crustal pattern to that
of B-B′ and is characterised by a predominant high–moderately (2.5–3 A/m) magnetised
layer with a maximum thickness of 1.5 km. In the centre of the profile, we observe the
presence of a thin, low-magnetised (0–0.5 A/m) body confined to relatively shallow depths
that partially outcrops and/or is covered by a very thin layer of sediments which, at the
resolution of the model, we are unable to determine. Another low magnetised rock layer is
noted at the southern end of the section, possibly indicating that hydrothermal alteration
may also occur outside the caldera rim. To the south, a 1 km thick highly magnetised
(3.5–5 A/m) body corresponds to a bathymetric high related to small volcanic cones [66].
The two cross-sections both show a relatively deep crustal section ranging between 2 and
3 km below the seafloor, that has a middle–low (1–1.5 A/m) magnetisation that we interpret
as an ‘intermediate’ layer that sits between the continental basement and the root of the
volcanic edifice [61].
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Figure 11. 2.5D forward magnetic model of the Palinuro Caldera along a line orientated to the
NNW-SSE (i.e., profile C-C′ in Figures 3 and 7). The magnetic anomaly data have been sampled
along the profiles with a spacing of ~18 m. (a) Best fit between observed and computed magnetic
anomaly profiles, and (b) distribution of magnetised causative bodies obtained from (a). Forward
modelling was constrained by the flight altitude of the magnetic sensor (labelled in panel (b)).

Quantitative interpretation of the magnetic signature for the Palinuro caldera area was
also achieved by applying 3D inverse modelling [91]. The inverse model was geometrically
constrained using a voxel mesh, having the seafloor bathymetry as a top layer and a flat
bottom layer placed at 3.5 km below the seafloor. Magnetisation direction was assumed
to be oriented as the inducing Earth’s Magnetic field considering the Palinuro caldera
younger than the last magnetic polarity reversal [61,62]. In addition, the inversion was
performed taking into consideration the uneven observation layer considering the variable
distance of the magnetic sensors from the seafloor in order to avoid intervening artefacts
during the inversion process [91].

We provide a simple representation of the resulting inverse model (Figure 12), where
the different magnetic causative sources can be differentiated by two means: (1) a first
ensemble of causative sources characterised by very low to no magnetisation (i.e., −0.01 to
0.05 A/m), which we interpret as hydrothermal altered rocks, and (2) a second group of
magnetic sources ranging from 0.05 to 4 A/m that represents all the volcanic lithologies not
affected by hydrothermal alteration. We observe that the low to no magnetised iso-surface
has a maximum depth extension of 2.5 km, which is consistent with the result of the 2.5D
forward model. The geometry of the low magnetised iso-surfaces (grey and transparent
light yellow, Figure 12) largely follows the arcuate geometry of the caldera rim, indicating
a major role of the volcano morphology and associated structural lineaments (such as ring
faults) in the flow of hydrothermal fluids within the caldera.
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Figure 12. 3D inverse magnetic model of Palinuro seamount with: (i) grey-coloured iso-surface
ranging from −0.01 to 0.02 A/m encompassing most of the source rock volume with low to no mag-
netic properties, (ii) transparent light yellow iso-surface related to low-magnetised rock (0.02–0.05)
and (iii) a red coloured iso-surface encompasses >0.05 A/m that includes all the source rocks with
high magnetic properties. The panel sequence shows oblique perspectives from the southwest (a),
northeast (c) and plan view (b), respectively. The digital elevation model is shown in (a) and the
contouring is shown by the solid black lines in (b,c) (the heavy black lines outline the isobaths of
1000 m), which delineate the morphological limits of the caldera structure.

Interpretation of magnetic anomalies at Brothers volcano was previously performed
by Caratori Tontini et al. [91] using the same 3D algorithm used here for the Palinuro model.
The inversion of the Brothers magnetic data was constrained using a mesh of prismatic
cells placed under the anomaly grid and vertically extending from 1200 m b.s.l, down to
2200 m b.s.l, which marks the depth of the seafloor surrounding the volcano. As in the case
of Palinuro, the inversion was constrained assuming a magnetisation direction oriented
as the ambient magnetic induced field since volcanism at Brothers occurred during the
last normal geomagnetic polarity (Bhrunes chron). The 3D model based on magnetisation
iso-surface representation is presented in Figure 13. A full description of the interpretation
of the magnetic model can be found in [91]. Here, we summarise the main implications
which will be relevant to discuss the model in comparison with Palinuro.
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Figure 13. 3D inverse magnetic model of Brothers volcano, modified after [91]. The red coloured body represents a highly
magnetised (>4 A/m) tabular body thought to delineate a N-S-oriented dyke. The grey coloured iso-surface encompasses
most of the rock volume that correlates to hydrothermal alteration (i.e., low to no magnetisation). The panel sequence shows
oblique perspectives from the west (a) and northeast (b), respectively. The bathymetric surface is also shown in order to
provide context of the main morphologic features of the caldera.

The inverse magnetic modelling of Brothers volcano is complicated because of the
coexistence of volcanic lithogies, diffuse and focused hydrothermal sites and a relatively
high thermal gradient related to an active magma chamber responsible for the addition
of magmatic volatiles into the hydrothermal system [48]. The western and north-western
sectors of the caldera are characterised by high-temperature focused vents with a very
weak magnetisation pattern [91,97]. The high thermal gradient in this area must also be
considered a factor in the demagnetisation of the rocks. However, the arcuate geometric
pattern of the low magnetisation iso-surfaces can be strongly associated with large-scale
permeability variations along the ring faults, which enhance hydrothermal circulation.

The southern portion of caldera area (Upper and Lower Cones and SE caldera region,
labelled b and c in Figure 9) is affected by diffuse hydrothermal circulation of low-temperature
fluids, which affects thin and surficial crustal layers [83,91,92]. The low temperature and the
limited thickness of altered rock result in a lower demagnetisation pattern.

Differentiation between the low magnetic anomalies of the northern and southern
sectors of the caldera is marked by a highly magnetised body striking in the SW-NE
direction that mirrors the same general strike of the volcanic lineaments that defines the
cones (see Figures 5 and 9), which is interpreted as a dike. In addition, between area a
(labelled in Figure 9) and the Lower Cone (labelled in Figure 5), we observed a set of small
positive anomalies having a ring-type distribution, probably related to a NW-SE extension
of lava flows along preferential ridge/feeding structures [82].

5. Discussion and Conclusions

The geophysical investigation of submarine hydrothermal systems using magnetic
survey techniques is a useful way to detect hydrothermally altered regions and also
understand the mechanism of evolution of the modern hydrothermal processes and the
potential formation of volcanogenic massive sulphide deposits [5,17]. Magnetic anomalies
can be proxies to hydrothermal alteration, which can drastically reduce the magnetisation
of the host volcanic rocks. More importantly, the magnetic signature of hydrothermal
alteration will persist even after cessation of hydrothermal activity, making magnetics
a unique tool for the discovery of extinct seafloor hydrothermal sites. Although some
previous studies provide a correlation between magnetic anomaly and hydrothermal
mineralisation [98,99], at the scale of a hydrothermal deposit, a definite quantification of
the correlation between the amount of crustal demagnetisation in the up-flow zones and
sulphide mineral formation is not yet clear.
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Submarine calderas associated with subduction settings are considered to be amongst
the most prospective settings for hydrothermal mineralisation [14,17]. Palinuro and Broth-
ers are two case studies of submarine calderas occurring in a subduction-related envi-
ronment that host hydrothermal systems with venting on the seafloor. Although the two
volcanoes have differences in terms of volcanology, rock geochemistry and their evolution,
they both developed hydrothermal fields with associated massive sulphide deposits within
a caldera structure.

Brothers volcano represents the most hydrothermally active volcano of the Kermadec
arc, highlighted by the presence of several vent fields locally, with high-temperature
hydrothermal vents (black smokers) and many sulphide chimney spires. In contrast,
Palinuro caldera presently hosts diffuse, low-temperature hydrothermal activity and hosts
massive sulphide mineralisation with notable polymetallic metal enrichment buried below
a sedimentary coverage, even if this is not comparable with the entity of similar VMS at
Brothers volcano.

The main difference between the two hydrothermal systems may be related to the
different thermal states of the two volcanoes. Brothers volcano shows morphological
evidence for very recent intra-caldera volcanic activity given the Upper and Lower Cones
in the south-western sector of the caldera. In addition, the W-NE Caldera sector is mostly
affected by focused high-temperature (>300◦) hydrothermal sites with the formation of
young sulphide chimneys (<15,000 years old [23]), suggesting long-lived ongoing high-
temperature hydrothermal activity. The evolution of the hydrothermal system at Brothers
has been explained as a two-step model by de Ronde et al. [6]. During the pre-stage caldera
stage, the stratovolcano hosted a magmatic-hydrothermal system dominated by magmatic
gases and high temperatures, later mantled by volcanic material from either a single large
eruption or a series of eruptions, that likely triggered caldera collapse. The post-collapse
stage was then dominated by new volcanic activity in the form of the resurgent Upper and
Lower Cones.

Evidence of hydrothermal mineralisation at Palinuro Seamount is more limited given
the sedimentary cover of the caldera floor. The main stage of mineralisation features a
porous and fine-grained nature of the high-sulfidation state assemblage, addressing a
main low-temperature diffuse hydrothermalism. There is no present-day evidence for
active black smokers at Palinuro and no large (even extinct) chimney fields are seen. The
recent drilling has intersected massive sulphide mineralisation with massive pyrite and
vaggy barite below the seafloor, which would imply that middle–high-temperature (pyrite
precipitation occurred in the temperature range 200–280◦ [100]) venting has probably
occurred in the past. Results from the inverse modelling highlight how the demagnetised
rock volume is less vertical and more horizontally distributed at Palinuro than the up-flow
zones in the NW and W sectors of Brothers volcano, where focused venting occurs. This
flatter magnetic geometry at Palinuro is possibly due to lateral mixing of the hydrothermal
fluids with ambient seawater at shallower depths, consistent with the observed widespread
diffuse venting. Another big difference between Brothers and Palinuro is the clear evidence
for post-caldera-collapse volcanism at Brothers, which is clearly missing at Palinuro. Our
interpretation of these results is that the magmatic system at Palinuro is cooling with the
concomitant waning of the associated hydrothermal system.

One common element between Brothers and Palinuro calderas that can be derived
from the magnetic models is that the up-flow zone-associated hydrothermal venting gen-
erally forms “donut” shape patterns inside the caldera walls at the intersection with the
caldera floor [101]. This is an important observation in agreement with the model of
hydrothermal fields in submarine calderas being largely controlled by large-scale perme-
ability features associated with caldera structures, which provide preferred pathways for
fluid circulation. This has important consequences for targeting the exploration of mineral
deposits in submarine calderas, where the first area of interest should be the caldera rim
and walls.
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